Sperm capacitation is characterized by a series of significant biochemical and biophysical modifications. Unlike the case with most other mammalian species, ram spermatozoa are difficult to capacitate in vitro. We have already suggested that unusually high levels of intracellular phosphodiesterases would account for cAMP levels that are too low to initiate tyrosine phosphorylation of flagellar proteins that are indicative of capacitation. In this study, we have 1) investigated the presence of the epidermal growth factor receptor (EGFR) and ERK1/2, a specific subset of the mammalian mitogen-activated protein kinase (MAPK) family, in ram spermatozoa and their involvement in capacitation; 2) searched for possible cross talk between the EGF effect and PKA pathway; and 3) explored a possible relationship between the EGF effect and the MAPK family that may underlie modulation of ram sperm capacitation. Indirect immunofluorescence evidenced the presence of EGFR and ERK in fresh ram spermatozoa. Western blot analysis confirmed both that EGFR is in the active form and that phosphorylation of Tyr845 increased after incubation with EGF. The proportion of CTC capacitatedsperm pattern and protein tyrosine phosphorylation significantly increased in the presence of EGF as well as the phosphorylation state (activation) of ERK. The specific inhibition of EGFR, PKA, or MEK reduced capacitation and protein tyrosine phosphorylation induced by EGF. We propose a working model for the molecular mechanism of the signaling cascade involved in ram sperm capacitation. These findings should improve our understanding of the biochemical mechanisms involved in the acquisition of mammalian sperm functional competence and, ultimately, fertility.
INTRODUCTION
Capacitation of spermatozoa is a complex process required for ejaculated mammalian sperm to acquire the ability to fertilize the oocyte in vivo and in vitro. The composition of the media that support in vitro capacitation typically mimics that of oviductal fluid [1] , although the exact composition is variable for different species. Several reports indicate that capacitation is a bicarbonate-dependent process [2, 3] whose actions appear to be mediated by a cAMP pathway and a serine/threonine kinase, protein kinase A (PKA), which is the most extensively studied kinase in the process. Bicarbonate increases cAMP levels and activates PKA through the stimulation of the soluble adenylyl cyclase (sAC) [4] [5] [6] [7] [8] [9] [10] . Once activated, PKA phosphorylates various target proteins that are understood to initiate several signaling pathways [8] . An increase in tyrosine phosphorylation of sperm proteins is generally recognized as a sign of late-stage capacitation [11] . The involvement of phosphorylation signaling processes needed for spermatozoa to achieve capacitation has been recently reviewed [12] .
Besides cAMP/PKA, other ser/thr kinases are important in regulating the capacitation process [13] [14] [15] , and different signaling pathways are activated during capacitation in different species [16] . The mitogen-activated protein kinase (MAPK) pathway has an important role in the signal transduction of many cellular responses. It has been shown to have a functional role in human [17] [18] [19] [20] and guinea pig [21] sperm and to be involved in capacitation of human [18] , mouse [22] , and boar [13] spermatozoa.
The extracellular signal-regulated kinases (ERKs) are a specific subset of the mammalian MAPK family that have been located in the head [17] and tail [20] of human sperm. These regulate the acrosome reaction in human [19] and guinea pig [21] sperm.
Certain tyrosine kinases are integral plasma membrane proteins that function as receptors. Thus, fibroblast growth factor receptor (FGFR) [23] , insulin growth factor receptor [24] , and epidermal growth factor receptor (EGFR) [25, 26] have been reported in sperm cells. Additionally, the involvement of EGFR in sperm capacitation and the acrosome reaction [25] and its stimulatory effect through PKA activation [27] have been shown in bull sperm. Likewise, the redistribution of EGFR toward the head during capacitation of boar sperm has been described [26] . The effects of epidermal growth factor (EGF) in human sperm capacitation [28] and zona-induced acrosome reaction [29] seem to be mediated by PKC and tyrosine kinases.
In previous reports, we demonstrated an increase in protein tyrosine phosphorylation associated to capacitation in ram spermatozoa [30] and that the cAMP/PKA pathway is partially implicated in this process [31, 32] . Our results also suggested that the refractoriness of ram spermatozoa to be capacitated in vitro could be due to very high phosphodiesterase activity, resulting in an extremely low level of cAMP to initiate protein tyrosine phosphorylation [32] . Furthermore, we showed that tyrosine phosphorylation of certain protein bands appeared to be independent of changes in cAMP levels [31, 32] and suggested the contribution of another pathway involving receptor and/or nonreceptor protein tyrosine kinases in ram sperm capacitation.
The present study was designed to 1) investigate the presence of EGFR and ERK1/2 in ram spermatozoa and their involvement in capacitation, 2) search for possible cross talk between the EGF effect and PKA pathway, and 3) explore a possible relationship between the EGF effect and the MAPK family that may underlie modulation of ram sperm capacitation.
MATERIALS AND METHODS

Semen Collection and Processing
All the experiments were performed with fresh semen taken from nine mature Rasa Aragonesa rams using an artificial vagina. All the rams belonged to the National Association of Rasa Aragonesa Sheep Breeders (ANGRA) and were 2-4 yr old. They were housed under uniform nutritional conditions at the Experimental Farm of the University of Zaragoza in compliance with the requirements of the European Union Directive for Scientific Procedures. All experimental procedures were performed under the supervision of the Ethics Committee of the University of Zaragoza. The sires were kept apart, and semen was collected every 2 days in two successive matings each day. To ensure at least four ejaculates every day, the sires were divided in two groups. Under these conditions and using second ejaculates, individual differences are very low, as we have already reported [33] , and pooled ejaculates provide a good quality uniform sperm sample suitable for representative studies of ram semen. Each semen sample used in this study comes from four pooled second ejaculates of four sires. A seminal plasma-free sperm population was obtained by a dextran/swim-up procedure as already reported [34] with a swim-up medium (SM) devoid of CaCl 2 and NaHCO À 3 [35] .
In Vitro Capacitation
For the induction of in vitro capacitation, aliquots of 1.6 3 10 8 cells/ml were incubated for 3 h at 398C in a humidified incubator with 5% CO 2 in air. Incubations were performed in complete TALP medium [36] containing 100 mM NaCl, 3.1 mM KCl, 25 mM NaHCO À 3 , 0.3 mM NaH 2 PO 4 , 21.6 mM Na lactate, 3 mM CaCl 2 , 0.4 mM MgCl 2 , 10 mM HEPES, 1 mM Na pyruvate, 5 mM glucose, and 5 mg/ml bovine serum albumine, pH 7.2 (control sample). The compounds described below were added to this medium at the same time as the rest of components immediately after preparing the aliquots (0 h), except of tyrphostin, which was added as indicated below.
To evaluate the role of the cAMP-PKA pathway, we tested the effects of the addition to the TALP medium of a cocktail already proved for capacitating ram spermatozoa [32] composed of caffeine and theophylline (both inhibitors of phosphodiesterases; Sigma Chemical Co.; 1 mM each), okadaic acid (OA; a rather selective inhibitor of phosphatases PP1 and PP2A; Sigma; 0.2 lM), methyl-b-cyclodextrin (M-b-CD; Sigma; 2.5 mM), and 1 mM of a cAMPelevating agent, either dibutyryl-cAMP (db-cAMP) or 8-bromoadenosine 3 0 ,5 0 -cyclic monophosphate (8-Br-cAMP; Sigma). Given that both compounds had a very similar effect, only the results obtained with db-cAMP are shown. To test the inhibition of PKA, 100 lM of the isoquinoline H89 (Biosource; Amersham) was added at the same time as all other components in accordance with our previous results [31] . To determine the effect of EGF on capacitation, we added from 25 to 100 nM EGF (Sigma) to the TALP medium.
To assess the effect of inhibiting EGFR, tyrphostin AG1478 (Cell Signaling Technology), a tyrosine kinase inhibitor specifically selective to EGFR [37, 38] was added to control and EGF-containing samples at different concentrations from 25 to 100 lM. This inhibitor was added to the TALP medium 30 min before the addition of the EGF.
Finally, to evaluate the role of the ERK pathway, 1-50 lM of U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene), a highly selective inhibitor of both active and inactive MEK1/2 [39, 40] (Sigma), was added to control, cocktail-, and EGF-containing samples. Given that 1 lM showed no effect and that no significant differences were found between 10, 20, 30, and 50 lM (data not shown), we used 10 lM to inhibit MEK.
Evaluation of Sperm Samples
The sperm concentration was calculated in duplicate using a Neubauer chamber. The capacitation status was assessed by the Chlortetracyclinefluorescence (CTC) assay that we had previously validated for the evaluation of capacitation and acrosome reaction-like changes in ram spermatozoa [31] . Three sperm types were estimated [41] : noncapacitated (NC; even distribution of fluorescence on the head, with or without a bright equatorial band), capacitated (C; with fluorescence in the anterior portion of the head), and acrosome-reacted cells (AR; showing no fluorescence on the head). We examined the samples, in a time interval of 12 h as maximum, using a Nikon Eclipse E-400 microscope under epifluorescence illumination with a V-2A filter. All samples were processed in duplicate, and we scored at least 150 spermatozoa per slide. No fluorescence was observed when CTC was omitted from the preparation.
Indirect Immunofluorescence
The localization of EGFR and ERK was investigated by indirect immunofluorescence (IIF) analysis. The sperm samples were diluted in PBS, pH 7.2 (4 3 10 6 cells/ml), and fixed in suspension for 20 min in 3.7% formaldehyde. After fixation and washing, the cell samples were allowed to settle on Superfrost slides (Superfrost Plus J1800AMNZ; Thermo Scientific) and permeabilized with 0.5% Triton X-100 in PBS for 15 min. The slides were then washed three times with PBS, and nonspecific binding sites were blocked with 5% BSA in PBS overnight at 48C in a wet chamber. After blocking, the slides were again washed three times with PBS, and the corresponding antibody was added.
To localize EGFR, rabbit polyclonal anti-EGFR (Abcam) directed against the C terminal amino acids 1005-1016 of EGFR (EDMDDVVDADEY), 1/100 in PBS with 1% BSA, was used. To identify total ERK1/2, polyclonal rabbit anti-ERK1/2 (Abcam) against C terminal amino acids 317-339 of human ERK1þERK2 was used, diluted 1/40 in PBS.
The preparations were incubated for 2 h at room temperature, washed three times, and incubated again with an anti-rabbit Alexa Fluor 488-conjugated antibody (Molecular Probes Inc.) diluted 1/600 in PBS with 1% BSA for 1 h at room temperature in darkness. The slides were rinsed three times with PBS, and finally, 6 ll of 0.22 M 1,4-diazabicyclo[2.2.2] octane (DABCO; Sigma) in glycerol:PBS (9:1) were added to enhance and preserve the cell fuorescence. The slides were then covered with a coverslip and sealed with colorless enamel. The cells were visualized with a Nikon Eclipse E400 microscope under epifluorescence illumination using a B-2A filter (10003). At least 200 cells per sample were evaluated, and the percentage of cells displaying positive fluorescence was scored. Negative controls were performed by processing slides either with the secondary antibody alone or with rabbit preimmune serum (diluted 1/100 with PBS) instead of the primary antibody. Images were obtained using a microscope digital camera system (Sony 2CCD Color Video Camera and Sony Digital Still Recorder) and saved and edited with NISElements Software (Nikon).
Extraction of Ram Sperm Proteins
Aliquots of 8 3 10 6 cells of control or capacitated samples were resuspended in 100 ll of the same extraction medium as previously used [32] composed of 2% SDS (w/v), 0.0626 mM TRIS-HCl (pH 6.8), 0.002% bromophenol blue in 10% glycerol (final glycerol concentration 1%), and protease and phosphatases inhibitors (Sigma) and immediately incubated for 5 min at 1008C. After centrifugation at 7500 3 g for 5 min at room temperature, the supernatant was recovered, and 2-mercaptoethanol and glycerol were added to a final concentration of 5% and 1%, respectively. Lysates were stored at À808C.
SDS-PAGE and Immunoblotting
Proteins (15 ll) were separated in one dimension on 10% SDS-PAGE following the Laemmli method [42] except for the detection of EGFR, in which proteins were separated using a gradient 4-20% SDS-PAGE. Separated proteins were blotted onto Immobilon-P membrane (Millipore) with a Mini-PRO-TEAN 3 Cell and Mini Trans-Blot module (Bio Rad) at 80-100 V during 1 h.
To analyze protein tyrosine phosphorylation, the blots were incubated as previously described [32] . Nonspecific sites on the membranes were blocked for 1 h with 5% BSA (w/v) in PBS (136 mM NaCl, 0.2 g/L KCl, 1.44 g/L Na 2 HPO 4 , and 0.24 g/L KH 2 PO 4 , and 0.5% Tween-20, pH 7.4) at room temperature. Then phosphoproteins were detected with the mouse monoclonal anti-phosphotyrosine antibody (Monoclonal Ab; clone PT-66; Sigma), diluted 1/1000, overnight at 48C, followed by incubation for 1 h at room temperature with a secondary anti-mouse horseradish peroxidase (HRP)-conjugated IgG antibody (1/40 000; Amersham). After extensive washing, the proteins that bound the antibody were visualized by chemiluminescence procedures (ECL Plus Western Blotting Detection System; Amersham).
For the rest of the Western blot analyses, nonspecific binding sites on the membranes were first blocked for 1 h with 5% BSA (w/v) in PBS with 0.1% Tween-20. Incubations with the primary antibody were performed overnight at 48C, followed by incubation for 1 h at room temperature with a secondary LUNA ET AL.
HRP-linked antibody. Primary and secondary antibodies were diluted with 1% BSA. After primary and secondary antibody incubations, extensive washes were carried out to eliminate unspecific binding. The proteins that bound the antibody were revealed and quantified as described below for the phosphotyrosine blots.
The antibodies used to identify EGFR were rabbit polyclonal anti-EGFR (1/ 100; Abcam), directed against the C terminal amino acids 1005-1016 of EGFR (EDMDDVVDADEY), followed by secondary anti-rabbit HRP-conjugated IgG (1/15 000; Amersham).
Phosphorylation of EGFR was evaluated with the rabbit polyclonal phospho-EGFR (Tyr845) antibody (1/1000; Cell Signaling Technology) followed by secondary anti-rabbit HRP-conjugated IgG (1/15 000; Amersham).
To identify total ERK1/2, polyclonal rabbit anti-ERK1/2 (Abcam) was used, directed against C terminal amino acids 317-339 of the phosphorylated form of human MAP kinase (ERK1 and ERK2) activation loop (HTGFLTEY-VAT; 1/1500) followed by secondary anti-rabbit HRP-conjugated IgG (1/ 15 000; Amersham).
To evaluate the activation state of ERK1/2, we used a monoclonal mouse antibody against a synthetic peptide HTGFLpTEpYVAT corresponding to the phosphorylated form of human ERK1 and ERK2 activation loop (1/1000; Abcam) that is specific for the active, dually phosphorylated form of ERK1 and ERK2. According to the manufacturer's instructions, the antibody reacts with human, mouse, rat, bull, chicken, Drosophila melanogaster, and Saccharomyces cerevisiae, and it has also been used to identify ERK2 in cell chicken lines [43] . The secondary antibody used was an anti-mouse HRP-conjugated IgG (1/ 40 000; Amersham).
As positive controls, we used an EGF-Stimulated A431 Cell lysate (Upstate, Millipore; 10 lg per lane), and we carried out the Western blotting protocol using the corresponding antibody in each case. Other controls omitting either the primary or secondary antibodies were carried out, and the results showed no signal at all.
To prove the specificity of the signal of EGFR in ram sperm lysates, an antibody absorption test was carried out. The antibodies were neutralized with the immunizing blocking peptide (Abcam) at a final concentration of 2 lg/ml in PBS with 1% BSA for 2 h at room temperature. The neutralized antibody was then used side by side with the antibody alone in two identical Western blot membranes, and the results were comparatively analyzed. The specificity of ERK signaling was not proved because the immunogenic peptide is not commercially available.
Western blot images were quantified using Quantity One software (Bio Rad) to determine the relative intensity of the tyrosine-phosphorylated protein bands. The maximum phosphorylation signal of each band was determined, and the total intensity of the lane (corresponding to the sum of the intensity signal of all the bands in that lane) was assessed, with the exception of EGFR Tyr845 and ERK1/2 assays, in which only the specific bands were considered. Changes in intensity were evaluated relative to controls and presented as a percentage.
Multiple Sequence Alignment
EGFR and ERK sequences from different species were obtained and compared by BLAST using human sequences (Basic Local Alignment Search Tool, software version 2.2.4; NCBI). Amino acid sequences of the synthetic peptide used to raise the anti-EGFR and anti-phospho-ERK antibodies were compared with EGFR and phospho-ERK sequences from different species using the ClustalW 2.1 (Multiple Sequence Alignment program). Phosphorylation sites of EGFR of different species were searched in Phosphosite (http://www.phosphosite.org).
Statistical Analysis
The results are shown as mean 6 SEM of the number of samples indicated in each case. Because of the high heterogeneity of ram ejaculates, the variability of results is also high. Therefore, we always include two controls, one at 0 h and another without effectors at 3 h, and the results are always related to the controls, with samples under identical conditions. Analysis of variance was performed to determine whether there were any significant differences between treatments, and post hoc comparisons were made using the Student-Newman-Keuls multiple comparisons test. The software used was GraphPad InStat.
RESULTS
Immunolocalization of EGFR in Ram Spermatozoa
IIF evidenced the presence of EGFR in the acrosome of 78.2 6 3.5% of fresh sperm samples (Fig. 1, A and B) . Controls excluding either the primary anti-EGFR or the secondary antibody resulted in a total absence of reactivity (data not shown).
The presence of the EGFR was also confirmed by Western blotting of sperm lysates (Fig. 1C) that revealed a band of approximately 170 kDa (predicted molecular weight for this receptor), together with other minor bands (lane 1). Positive control of an EGF-Stimulated A431 Cell lysate also showed reactivity of several bands. The specificity of the signal was confirmed by an antibody absorption test using the synthetic immunogenic peptide, which proved that the signaling of the 170-kDa band was eliminated in sperm lysates (lane 3) and in the positive control (lane 4). Other controls omitting either the primary or the secondary antibody were also negative (data not shown). 
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EGF Stimulates Ram Sperm Capacitation
Once the presence of EGFR in ram spermatozoa was evidenced, we investigated the effect of the inclusion of EGF in the TALP medium (control sample medium) during incubation in capacitating conditions. The results obtained ( Fig. 2A) showed that EGF significantly stimulated capacitation after 3 h of incubation. The proportion of CTC capacitated-sperm pattern increased (P , 0.001) from 36.2 6 1.8% in control conditions to 50.0 6 2.0% in the presence of 100 nM EGF (27.4 6 5.1% increment). A concomitant increase in protein tyrosine phosphorylation (signal of all the bands determined as total intensity) of 17.5 6 1.3 % was also found, particularly in certain bands of 60-100 and 37-45 molecular mass regions (Fig. 2, B and C) . Furthermore, the proportion of acrosomereacted sperm increased in all samples after 3 h of incubation, although a decrease in an EGF-dose dependent manner was found (Fig. 2A) .
In vitro capacitation in the presence of EGF or cAMPelevating agents [32] did not significantly change either the EGFR distribution or the proportion of stained sperm (61.0 6 7.6% and 67.5 6 10.5%, respectively).
Inhibition of EGFR Reduces Ram Sperm Capacitation
In order to specifically inhibit the EGFR kinase activity, we added tyrphostin AG1478, a tyrosine kinase inhibitor selective to EGFR [37, 38] Fig. 3A) . A significant decrease in the percentage of capacitated sperm pattern was also found with 100 lM tyrphostin, with a concomitant decrease (P , 0.05) in total protein tyrosine phosphorylation of 29.9 6 3.5% related to EGF-capacitating samples without tyrphostin (Fig. 3, B and C) . This decrease was particularly found in certain bands of 60-100-, 37-45-, and ,30-kDa molecular mass regions.
EGF Capacitating Effect Is Reduced by the Inhibition of MAP Kinase Kinase
The epidermal growth factor is a classic activator of the MAP kinase pathway [44] . To establish whether MAP kinase kinase (MEK) is involved in ram sperm capacitation induced by EGF (100 nM), we tested the effect of the addition of U0126, a selective and cell-permeable inhibitor of MEK, to EGF-containing samples. The percentage of capacitated-sperm pattern (Fig. 4A ) decreased from 47.1 6 2.0% to 35.2 6 1.0% in the presence of U0126 (24.5 6 5.1% inhibition; P , 0.05), while the inhibitor did not induce any change in the CTC sperm pattern in control samples or in samples capacitated by incubation with a cocktail containing db-cAMP, which accounted for an increase (P , 0.001) in capacitation, as previously reported [31] , similar to that obtained with EGF. Furthermore, U0126 reduced protein tyrosine phosphorylation in EGF-containing samples (29.4 6 2.8% inhibition; P , 0.05), particularly in certain bands induced by EGF (60-100 and 37-45 molecular mass regions), but no significant changes were found in either the control or db-cAMP-capacitated samples (Fig. 4, B and C) .
Immunocytochemical Localization of ERK in Ram Spermatozoa
Given that the inhibition of MEK accounted for a reduction in both the capacitated-sperm pattern and protein tyrosine phosphorylation, we verified the presence of ERKs, a specific subset of the mammalian MAPK family that is phosphorylated and activated by MEK, in ram spermatozoa by means of IIF (identification of total ERK). The results obtained (Fig. 5, A and B) showed that ERK is located at the neck of all sperm, with very high intensity of labeling. Furthermore, some cells also showed reactivity at the acrosome. Changes in the ERK signaling were not detected after capacitation in the presence of EGF (Fig. 5, C and D) , and the proportion of stained acrosomes in control samples (0 h; 25.3 6 8.2%) did not change significantly after 3 h of incubation in control (29.0 6 8.1%), LUNA ET AL. cocktail-(22.8 6 4.1%) or EGF-containing samples (25.72 6 4.07%; n ¼ 3).
We confirmed the presence of ERK by Western blot analysis of sperm lysates using an anti-ERK1/2 antibody that revealed two protein bands of approximately 44 (ERK1) and 42 (ERK2) kDa in SDS-lysates of fresh ram spermatozoa that matched two prominent bands in a positive control of an EGFStimulated A431 Cell lysate. Both samples also showed reactivity of other bands (Fig. 5E ). Other controls omitting either the primary or the secondary antibody were also negative (data not shown).
The Inhibition of MEK Reduces the EGFR Phosphorylation Stimulated by EGF
The incubation of EGFR with EGF was shown to trigger the tyrosine phosphorylation of the receptor with its subsequent activation in mammalian spermatozoa [45] . First, we determined the activation state of EGFR by analyzing its phosphorylation status in sperm lysates using an antibody for tyrosine residues usually known as Tyr845 and the capacitation state by CTC staining (Fig. 6A) . The results obtained showed that EGFR of fresh sperm samples is in the active form as it is already phosphorylated at residues surrounding Tyr845 (Fig.   FIG. 3 . Effect of the receptor tyrosine kinase inhibitor, tyrphostin AG 1478, on the capacitation state of ram spermatozoa evaluated by CTC staining (A) in control samples or in the presence of 100 nM EGF after 3 h of incubation in capacitating conditions. Significant differences related to control at 3 h: c P , 0.001. Significant differences of samples incubated 3 h with 100 lM tyrphostin þ 100 nM EGF related to the absence of inhibitor:
f P , 0.001. Phosphotyrosine proteins (B) were quantified by densitometry (C). Significant difference related to control at 3 h: ***P , 0.001. Significant difference related to the same sample at 3 h without tyrphostin: *P , 0.05. Mean values 6 SEM (controls at 0 and 3 h and 100 nM EGF, n ¼ 10; 25, 50, and 100 lM tyrphostin þ 100 nM EGF, n ¼ 4).
FIG. 4. Effect of the MEK inhibitor U0126 (10 lM)
, on the capacitation state of ram spermatozoa evaluated by CTC staining (A) in control samples at 0 h and after 3 h of incubation in control samples (Ctl), with U0126 (CtlþU), a cocktail (dbcA) containing 1 mM db-cAMP, 1 mM theophylline and 1 mM caffeine, 2.5 mM MBCD, and the broad-spectrum protein phosphatase inhibitor, 0.2 lm okadaic acid; with db-cAMP þ U0126 (dbcAþU), EGF (100 nM) or EGF þ U0126 (EGFþU). Mean values 6 SEM (n ¼ 5). Significant differences related to control at 3 h, c P , 0.001; significant differences of samples containing EGF þ U0126 (EGFþU) related to EGF-capacitated samples d P , 0.05. B) Phosphotyrosine proteins were analyzed by western blotting and quantified by densitometry (C). Significant differences related to control at 3 h, **P , 0.01 and *P , 0.05; Significant differences of samples containing EGF þ U0126 (EGFþU) related to EGF-capacitated samples without inhibitor, *P , 0.05; Mean values 6 SEM (n ¼ 4).
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). Furthermore, phosphorylation of these residues increased after 3 h of incubation in capacitating conditions in EGFcontaining samples, while no significant change was found in control samples or after only 5 min of incubation, in which difference in capacitation pattern were not found. A similar increased in phosphorylation at residues surrounding Tyr845 was observed in the presence of a cocktail with cAMPelevating agents.
Next, we analyzed whether the inhibition of ERK reduces the activation state of EGFR by adding the inhibitor of MEK U0126 to EGF-containing samples. The results obtained revealed a decrease in the phosphorylation signal of the motif pThr-Glu-pTyr of ERK induced by EGF (36.3 6 6.1%). The addition of the tyrosine kinase inhibitor tyrphostin also resulted in lower phosphorylation signaling (46.5 6 5.6), although those variations were not statistically significant due to variability among blots (Fig. 7, B and C) .
EGF-Induced Capacitation Increases Tyrosine Phosphorylation of ERK
Given that the activation of ERK depends on the double phosphorylation of the motif Thr-Glu-Tyr by MEK [46] , we carried out Western blot analysis using a monoclonal antiphospho Thr-Glu-Tyr (pThr-Glu-pTyr) antibody in order to evaluate the activation state of ERK with simultaneous evaluation of CTC staining (Fig. 7A) .
We found that, similarly to EGFR, ERK1 and ERK2 are already phosphorylated (activated) in fresh ram spermatozoa ( Fig. 7B; 0 h ). The presence of EGF in the capacitating medium accounted for a higher increase in the phosphorylated ERK signal than that found in controls after 3 h of incubation. Furthermore, the MEK inhibitor U0126 prevented the increase in phosphorylation of the motif pThr-Glu-pTyr of ERK induced by EGF (36.3 6 6.1% of inhibition; Fig. 7B ). The addition of the tyrosine kinase inhibitor tyrphostin also resulted in lower phosphorylation signaling (46.5 6 5.6% of reduction), although the variation was not statistically significant due to variability among blots (Fig. 7C) .
EGF Capacitating Effect Is Mediated by PKA
In previous reports, we described the partial involvement of PKA in ram sperm capacitation induced by dibutyryl-cAMP, a cAMP-elevating agent [32] . Therefore, in this study, we have investigated whether PKA is also involved in EGF-induced capacitation by adding 100 lM of the PKA inhibitor, H89, shown to reduce both the capacitated-sperm pattern and the protein tyrosine phosphorylation [31, 32] . We found a higher phosphorylation signaling of ERK in capacitated samples with high cAMP and that H89 inhibited the ERK activation (Fig.  7B ). Densitometry analysis (Fig. 7C) revealed that the addition of H89 accounted for a reduction of 34.6 6 6.4% in the phosphorylation signal of total phosphorylated ERK (pERK1þpERK2), although these differences were not statistically significant because of variability among the blots.
Likewise, EGF-induced capacitation was significantly inhibited by H89 (Fig. 7D) , as we found a decrease in the percentage of capacitated-sperm pattern from 50.4 6 1.8% to 38.8 6 2.5% (P , 0.001). Concomitantly, the percentage of noncapacitated sperm increased from 30.2 6 1.8% to 39.4 6 2.5% when H89 was added (P , 0.001). Protein tyrosine phosphorylation was significantly increased with EGF (27.4 6 5.4%; P , 0.01) and inhibited with H89 (28.9 6 4.1%; P , 0.05; related to the sample without inhibitor) (Fig. 7, E and F) .
DISCUSSION
The results of the present study propose new signaling pathways involved in vitro capacitation of ram spermatozoa. We have evidenced the presence of EGF receptor (EGFR, also referred to as ErbB1) and MAPK ERK1/2 and demonstrated that a signaling pathway involving EGFR and the ERK module of the MAPK pathway is implicated in ram sperm capacitation.
IIF analysis showed that not all spermatozoa in the fresh sample are EGFR-positive (Fig. 1) . The sequence of the synthetic peptide used to raise the antibody fully matches that of human and, with only one different amino acid, bovine sequences. The only sequence of the ovine EGFR in databases is a short fragment of 18 amino acids that shows a high homology with the EGFR sequence of human and bovine, both sharing 88% identity. Furthermore, ovine and bovine are phylogenetically two closely related species, as already shown by Kijas et al. [47] , who studied the molecular evolution of ovine and bovine genes based on the sequence of 88 genes, including EGFR. Less than 3% of protein-coding nucleotide positions were different between these two species. Therefore, the antibody should be suitable for its use in ovine, and the lack of staining in certain cells could be due to adsorbed epididymal or seminal plasma proteins that would mask EGFR, thus making the access of antibodies difficult. In addition, the possibility of two sperm subpopulations being present, with or without EGFR labeling, as already reported in boar spermatozoa [26] , cannot be ruled out. Another possible explanation would be consistent with the fact that the formation of a complex EGF-EGFR on the cell surface followed by a rapid internalization and degradation of ligand and receptor has been shown in human fibroblasts [48] .
EGF stimulated ram sperm capacitated pattern and protein tyrosine phosphorylation (Fig. 2) , and the inhibition of EGFR by tyrphostin reduced the EGF capacitating effect (Fig. 3) . Furthermore, the inhibition of MEK accounted for a significant decrease in the EGF-induced effect (Fig. 4) , which suggest the involvement of MAPK ERK in this process. We demonstrated the presence of MAPK ERK1/2 (Fig. 5 ) in all spermatozoa in the fresh sample. The peptide used to raise the anti-ERK1/2 antibody was directed against amino acids 317-339 of human ERK. Although there is no sequence reported in sheep, the high homology between the sequences of ERK in all the studied species, together with the homology between bull and sheep, FIG. 6 . EGFR phosphorylation assessment: capacitation state evaluated by CTC staining (A) in control conditions (Ctl), with db-cAMP (dbcA), 100 nM EGF, EGF þ 10 lM U0126 (EGFþU), EGF þ 100 lM tyrphostin (EGFþTph) or with EGF after only 5 min of incubation (EGF 5 0 ). Significant differences related to control at 3 h, c P , 0.001; significant differences of samples containing EGFþU, EGFþTph or with EGF incubated only for 5 min related to EGF-capacitated samples with no inhibitor, f P , 0.001. B) Tyrosine phosphorylation signal at residues surrounding Tyr845 of EGFR in the same samples as A and quantification by densitometry (C). Significant difference related to control at 3 h, **P , 0.01. Significant difference related to EGF-capacitated samples, *P , 0.05. Mean values 6 SEM (n ¼ 4).
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means that we may infer that the antibody should also be recognized in sheep.
Our data suggest that EGFR activation and the concomitant capacitation occur in an EGF-dose-dependent manner. We also found an increase in acrosome-reacted sperm in control samples following incubation in capacitating conditions, which might be due to transitions from capacitated to acrosomereacted sperm by changes in intracellular Ca 2þ levels. However, the proportion of capacitated sperm increased with increasing EGF concentration, and the acrosome-reacted sperm decreased concomitantly. These results agree with those reported for human spermatozoa [45] , which have already shown that high EGF concentrations reduce the acrosome reaction. Thus, 100 nM EGF might be able to not only significantly induce but also maintain capacitation with no change in the proportion of acrosome-reacted sperm. This might be explained by the fact that at low EGF concentration, EGFR would be only partially activated, as already suggested FIG. 7 . Activation of ERK by the double phosphorylation of the motif Thr-Glu-Tyr: capacitation state evaluated by CTC staining (A) in control samples at 0 h and after 3 h of incubation in control samples (Ctl), with a cocktail (dbcA) containing 1 mM db-cAMP, 1 mM theophylline and 1 mM caffeine, 2.5 mM MBCD, and the broad-spectrum protein phosphatase inhibitor, 0.2 lm okadaic acid; with EGF (100 nM), EGF þ 10 lM U0126 (EGFþU), EGF þ 100 lM of the PKA inhibitor H89 (EGFþH), EGF þ 100 lM tyrphostin AG 1478 (EGFþTph). Mean values 6 SEM (n ¼ 4). Significant differences related to control at 3 h, c P , 0.001; Significant differences of samples containing EGF þ inhibitor related to EGF-capacitated samples, f P , 0.001. B) Phosphorylation signal of the motif pThr-Glu-pTyr, corresponding to the phosphorylated form of ERK1/2 in the same samples, and quantification by densitometry (C). Mean values 6 SEM (n ¼ 3). D) CTC staining in control samples at 0 and 3 h of incubation and in samples capacitated (3 h) with 100 nM EGF alone or combined with 100 lM H89. Significant differences related to control samples at 3 h: c P , 0.001. Significant differences of samples incubated with 100 lM H89 related to samples without inhibitor at 3 h: f P , 0.001 (controls at 0 and 3 h, n ¼ 19; 100 nM EGF, n ¼ 22; 100 nM EGF þ 100 lM H89, n ¼ 12). E) Phosphotyrosine proteins were analyzed by Western blotting and quantified by densitometry (F). Significant differences related to control at 3 h, **P , 0.01. Significant differences related to EGF-capacitated samples without H89, *P , 0.05. Mean values 6 SEM (controls at 0 h and 3 h, n ¼ 10; 100 nM EGF and 100 nM EGF þ 100 lM H89, n ¼ 8).
LUNA ET AL. [27] . Our results would indicate that 100 nM EGF is necessary to effectively activate EGFR and significantly induce capacitation in the conditions studied.
The activation of EGFR by autophosphorylation of cytoplasmic tyrosine residues has been thoroughly studied (reviewed in Ullrich and Schlessinger [49] ). EGFR isolated from human spermatozoa showed intrinsic tyrosine kinase activity [50] , and incubation with EGF provoked the tyrosine phosphorylation of the receptor [45] which indicates that the EGF receptor present in sperm cells is active. In this study, we analyzed the phosphorylation state of residues surrounding EGFR Tyr845. BLAST of EGFR from human and bovine showed that the positions of phosphorylated Tyr are identical in both species. Unfortunately, there are no data on ovine, but given the homology between the sequences of the human and bovine EGFR (88% identity) and the fact that ovine and bovine are phylogenetically highly related [47] , it is likely that the residues surrounding those Tyr can also be phosphorylation sites in ovine.
We describe, for the first time, that EGFR of fresh ram spermatozoa is already phosphorylated on residues surrounding Tyr845, which increases (P , 0.01) during incubation in capacitating conditions with EGF or db-cAMP and decreases when MEK and EGFR are inhibited (Fig. 6 ). In conclusion, our results indicate the involvement of the residues surrounding tyrosine 845 of ovine EGFR in in vitro sperm capacitation. The commonly called EGFR Tyr845 is a nonautophosphorylation site situated within the activation loop of the catalytic domain of the human EGFR [51] . Phosphorylation of residues surrounding Tyr845 by c-Src kinase results in the activation of cellular signaling pathways such as MAPKs [52, 53] . Tyrosine kinase c-Src has been shown to be involved in capacitation of human [54] and murine [55] spermatozoa. The evidence of a similar pathway in ram spermatozoa represents a promising matter for future research.
It is worth noting that ERK is already phosphorylated (activated) in fresh ram sperm samples (Fig. 7) , which would be indicative of the presence of capacitated sperm. Likewise, there are certain proteins already phosphorylated in Tyr in fresh samples (Figs. 2, 3, 4 , 6, and 7), which is consistent with previous results [31] . This can be due to the high heterogeneity of ram semen, with spermatozoa in different physiological states and to the fact that capacitation is not a switch on/off process but continuous, with several sequential steps. Moreover, given that the fresh samples were freed from seminal plasma by a swim-up procedure (1 h), the phosphorylation of proteins might have started during the swim-up process. Therefore, we always include the fresh sample as a control, and changes are evaluated in relation to it. However, EGF increased the activation state (phosphorylation) of ERK (Fig.  7) , and we found a higher signaling of phospho-ERK in capacitated samples with both high cAMP and EGF. The monoclonal anti-phospho-ERK antibody that we used is raised against the phosphorylated form of human ERK and is specific for the active, dually phosphorylated form of ERK1 and ERK2. As indicated by the manufacturer, it reacts with several mammals and other species, and it has also been successfully used with chicken cell lines [43] . Furthermore, it has been shown that phosphorylation is an evolutionarily and functionally well-conserved process across eukaryotes [56] . Therefore, we can assume that it will also react with sheep and that the obtained data are valid. These results indicate the involvement of the MAPK ERK in the response induced by EGF. To the best of our knowledge, this is the first study that describes a connection between the EGFR and ERK pathway in spermatozoa. Only one article has demonstrated that the fibroblast growth factor receptor 1 (FGFR-1) is required for normal spermatogenesis and participates in sperm capacitation inhibiting MAP kinase signaling [23] .
Another query is whether there could be cross talk between EGF signaling and the cAMP/PKA pathway, the only pathway described so far in ram sperm capacitation [31, 32] . This issue has been addressed by inhibiting PKA with H89 (Fig. 7) , which indicated that the capacitating effect of EGF would be mediated, at least partly, by PKA given the significant reduction in the EGF-induced capacitation. The significant increase in the proportion of noncapacitated sperm and decrease in protein tyrosine phosphorylation, together with a lower level of the activation state of ERK, point to the involvement of PKA in the EGF effect, as it has been reported for bull spermatozoa [27] .
Likewise, the activation of PKA with a cAMP-elevating cocktail containing db-cAMP accounted for a significant increase in capacitation and protein tyrosine phosphorylation (Fig. 7) , which agrees with our previous results [31] . We also proved that H89 partly prevented ERK phosphorylation, which also suggests an interaction between PKA and ERK. Cross talk between EGFR and PKA-I (PKA type 1) occurs through direct binding of the PKA-I regulatory subunit (RIa) to the SH3 domain(s) of the Grb2 adaptor protein, thus allowing the recruitment of the PKA-I holoenzyme to the activated EGFR [57] . This supports the idea of the partial cross talk between EGF and PKA signaling and opens an attractive approach to further investigations.
In summary, these data lend further support to the idea of a link between EGF/ERK and the activation of cAMP/PKA signaling events leading to the stimulation of a signaling pathway involving the cross talk between EGF and tyrosine kinase second messenger systems, thus defining a new mode of cellular signal transduction in sperm capacitation. Our results, together with those from previous studies, lead us to propose the model shown in Figure 8 for the molecular mechanism of the signaling cascade involved in ram sperm capacitation. Soluble Adenylyl cyclase (sAC, 1) would be activated by bicarbonate and calcium [58] , thus increasing the intracellular cAMP level, which, in turn, would activate PKA (2) [31, 32, 59, 60] . Such changes in enzyme activity would ultimately lead to changes in capacitation and protein tyrosine phosphorylation. Acting through calmodulin (3), calcium would also participate in the homeostasis of cAMP by regulating some CaM-dependent phosphodiesterases [61] . 
PKA could be additionally activated by high cAMP concentration, thus bypassing AC activation as already reported using permeable cAMP analogs and phosphodiesterase inhibitors [31, 32, 59, 60] . Furthermore, EGF (4) can trigger capacitation throughout ERK (5), as we have demonstrated that its phosphorylation/activation increases when EGF is the inducer of capacitation. MEK is also implicated, because its inhibition by U0126 involves a reduction in capacitation (when EGF is the capacitating agent). Finally, there is cross talk between EGF and cAMP/ PKA signaling (6), as we have demonstrated that PKA inhibition in the presence of EGF accounted for a reduction in capacitation and protein tyrosine phosphorylation.
Our findings provide experimental evidence of a new signal transduction pathway involved in sperm capacitation, raising further concerns about the role of the MAPK cascade in specific cell types and in the acquisition of sperm functional competence.
